Quadratic detection in linear mesoscopic transport systems produces cross terms that can be viewed as interference signals reflecting statistical properties of charge carriers. In electronic systems these cross term interferences arise from exchange effects due to Pauli principle. Here we demonstrate fermionic Hanbury Brown and Twiss (HBT) exchange phenomena due to indistinguishability of charge carriers in a diffusive graphene system. These exchange effects are verified using current-current cross correlations in combination with regular shot noise (autocorrelation) experiments at microwave frequencies. Our results can be modeled using semiclassical analysis for a square-shaped metallic diffusive conductor, including contributions from contact transparency.
I. INTRODUCTION
Shot noise is a widely used characterization method in nanophysics, as it can provide more information of the charge transport than conventional conductance or thermal noise measurements [1] [2] [3] [4] . Multiterminal current-current correlation experiments provide additional insight to intrinsic characteristics of charge carriers in mesoscopic systems. For example, they allow one to distinguish bosonic and fermionic carriers [5] [6] [7] .
Many of the noise and cross correlation experiments probing fundamental properties of the charge carriers have been performed using edge states in the quantum Hall regime, in which quantum point contacts with tunable transparency control the propagation of coherent beams of electrons or composite fermions 8 . In this setup, one can perform two-particle scattering experiments and observe Hanbury Brown and Twiss 9 (HBT) interference effects in current-current cross correlation 10 , which are not visible in Aharonov-Bohm conductance experiments. In a regular mesoscopic conductor the phase-dependent phenomena in twoparticle scattering events are averaged out over many possible trajectories 11 . However, even after such averaging current-current cross correlations in different terminals are affected by
Fermi statistics of electrons in a non-trivial way. One well known consequence of Fermi statistics is the negative sign of cross correlations between the currents in different terminals 2 .
In this work we investigate another interesting consequence -non-additive nature of cross correlations 11, 12 -in a HBT setup 9,10 with two sources and two detectors attached to a diffusive graphene flake. Below we will refer to the non-additivity of the noise cross correlations as HBT exchange effect.
To our knowledge, only one experiment has so far addressed HBT exchange effects in diffusive conductors. Cross correlations and HBT exchange were measured in a cross-shaped graphene conductor in which the charge carrier density, and thereby the screening of impurities, could be tuned by the back gate voltage 13 . According to the theory, in a diffusive conductor with cross geometry the paths of scattering electrons are quite restricted, and the HBT exchange effect should disappear 11, 12 . However, the experiment showed a finite exchange effect, which was attributed to an appreciable mean free path of electrons, comparable to the size of the crossing.
In charge neutral graphene, ideally, electrical transport takes place via evanescent waves, the distribution of which mimics diffusive electron transport [14] [15] [16] [17] . Since the evanescent waves may propagate to both measuring terminals, special cross correlations are obtained in graphene near the charge neutrality point (CNP) 18 . According to the tight binding calculations of Ref. 18 , there is negative HBT exchange effect at the Dirac point. Instead of diffusive-like shot noise due to evanescent waves, experiments have shown more complex behavior in graphene [19] [20] [21] . For graphene ribbons, Coulomb blockade effects and localization have been found to influence the shot noise results substantially 22 . Therefore, also shot noise cross-correlations can be expected to differ from those appearing in pure diffusive transport and to exhibit features inherent to disordered graphene samples.
In this work we study HBT exchange effect in coherent square-shaped graphene conductor with short mean free path and diffusive transport of electrons. We measure both currentcurrent cross correlations at microwave frequencies and regular shot noise of the contacts (autocorrelation). We model our results using semiclassical analysis for a diffusive coherent conductor, in which the noise arises locally due to the non-equilibrium distribution of electrons. We repeat the analysis in the hot electron regime, where the noise is characterized by local temperature distribution. Best agreement between experiment and theory is obtained in crossover regime between the coherent and hot electron models.
This article is organized as follows. We start with theoretical background (Sec. II), and outline the basics of shot noise, cross correlations, and the Hanbury Brown and Twiss exchange effect in fermionic systems. In Sec. II A, we describe briefly semiclassical analysis and present our models for coherent and hot electron regimes. The parameters for the numerical noise calculations are obtained from conductance distribution of our sample, analyzed in Sec. II B, while the noise calculations are presented in Sec. II C. Our experimental methods are concisely covered in Sec. III, while results are presented in Sec. IV. The discussion in Sec. V includes connections of our work to other noise experiments and discusses a few theoretical issues relevant for the bias and gate voltage dependence of our data. Sec. VI concludes the paper.
II. THEORETICAL BACKGROUND
Random flow of electrons with charge e can be described as an uncorrelated Poisson process 23 , which gives rise to the spectral density of the shot noise, S I = 2eI, where I is the current through the conductor. In contrast to thermal fluctuations in mesoscopic conductors, shot noise provides information on the basic transport properties beyond the linear response theory coefficients such as conductance. In mesoscopic systems, shot noise can become subPoissonian under the influence of interactions or correlations, for example, imposed by the Pauli principle [24] [25] [26] [27] [28] . The ensuing noise spectral density can be written as S I = F 2eI where F denotes the so called Fano factor. In a tunnel junction with low transmission, F = 1 because electron tunneling in such a junction is a Poissonian process 2 . In ballistic conductor the shot noise is fully suppressed, while suppression down to F = 1/3 is found in diffusive conductors 2, 29, 30 .
The Pauli principle also influences the cross-correlations of current fluctuations in a diffusive system. The cross-correlation of the fluctuations of the currents entering the conductor through terminals m and n, S nm , is defined by
where we assume low frequency limit eV ω relevant to our experiments. Our sample, shown in Fig. 1 (a Here our main focus is the HBT exchange effect which is probed by measuring the cross correlation of the currents in terminals 1 and 3, denoted by 
used in Ref.
2 which has positive sign. Finally, we consider the difference
By obtaining the exchange correction factor ∆S from the measured electronic shot noise, our measurement essentially repeats the original HBT experiment performed with photons 9 .
For distinguishable non-interacting particles the noises coming from different sources are additive and the combination (Eq. 2) equals to zero (∆S = 0 
Bias configurations A and B produce the same value for S 24 13 , while it vanishes in the bias configuration C and at zero temperature due to the Pauli principle. Indeed, in this case one
, where θ(x) is the Heaviside step function. Thus, at zero temperature one obtains
Here the angular brackets denote averaging over disorder in the diffusive conductor. The HBT exchange correction (Eqs. 2 and 4) can be either positive or negative depending on the system parameters.
As we have mentioned earlier, after disorder averaging quantum interference effects vanish from the HBT exchange noise (Eq. 4). However, from mathematical point of view one can still consider it as a classical interference effect for the distribution function of electrons.
Indeed, the distribution function inside the graphene box f 0 is the linear combination of the distribution functions in the terminals, see Eq. (5), while the noise cross correlation is the quadratic function of it. It is well known that the original HBT experiment 9 can also be interpreted in terms of the interference of classical waves. The interpretation of our experiment as analogy to optical interference is discussed further in Sec. VI.
A. Semiclassical analysis
The non-equilibrium electron transport can be described by Boltzmann-Langevin approach, 12, 33 that provides a simple and transparent interpretation of the theory. In this section we provide a brief summary of this approach and derive explicit expressions for the noise cross-correlations in terms of measurable parameters. We account for the effect of finite contact resistances and consider the two regimes -the regime of the elastic transport and the hot electron regime, in which electron-electron interaction leads to thermalization of the electrons and a local electronic temperature can be defined.
Considering the elastic transport regime, in which the electron-electron Coulomb interaction can be ignored, one obtains the solution of the Boltzmann equation for the electron distribution function in the form
where φ n (r) denotes the potential distribution in a diffusive multiterminal conductor corresponding to the bias condition V m = δ mn .
The noise correlations can be expressed in terms of a function Π which describes the non-equilibrium state of the biased multiterminal conductor:
If only one terminal is biased, the function simplifies to Π = eφ The noise currents in each terminal can be obtained by integrating the Π function. For example, the expression for the noise cross-correlations in a graphene box with perfect contacts reads
where R is the sheet resistance of graphene. In our experimental configuration with finite contact resistances φ n (r) exhibit jumps across the contacts, which reflect finite voltage drops on them. The effect of the contacts on the noise cross-correlations is discussed below.
One can use the elastic approximation for the electron transport if the escape time of an electron out of the graphene quantum dot, τ esc , is much shorter than the electron-electron energy relaxation time τ ee , i.e. if τ esc τ ee . In the opposite case, τ esc τ ee , hot electron regime becomes relevant. The time τ esc is given by the expression
where R q = h/e 2 is the resistance quantum, R k are the contact resistances and δ d is the level spacing in the square graphene dot,
Here v 0 ≈ 10 6 m/s is the speed of electrons in graphene and k F is the Fermi wave vector.
The electron-electron relaxation time is estimated as 34 ,
where T e is the average effective temperature of electrons inside the graphene box. The temperature T e equals to the bath temperature at low bias voltages applied to the contacts and may grow to higher values T e ∼ eV in the hot electron regime. For the parameters of our sample listed in Tab. I we find that the times (Eqs. 8 and 10) weakly depend on the gate voltage. The escape time approximately takes the value τ esc ≈ 1 ps, while the electronelectron relaxation time (Eq. 10) may change from τ ee ∼ 50 ps at the bath temperature T e = 20 mK to much shorter values τ ee τ esc at high bias. Thus we expect our sample to be in an intermediate regime between ballistic and hot electron transport.
In presence of the inelastic electron-electron scattering the shape of the Π-function changes. The kinetic equation for the distribution function can be relatively easily found in the hot electron regime τ ee τ esc τ e−ph , where τ e−ph is the electron-phonon relaxation time. In this regime the electron distribution function has the equilibrium Fermi-Dirac form with coordinate dependent electron temperature, which differs from the temperature of the substrate.
The function Π (Eq. 6) can be expressed in terms of the characteristic functions φ j (r) both in the elastic and the hot electron regimes. Performing this analysis and generalizing the expression (Eq. 7) to case of finite contact resistances, we derive explicit expressions for the cross-correlation of the noises in terms of the experimentally measurable parameters.
Assuming that the electron transport is fully elastic and considering low temperature (or high bias) limit k B T 0 eV relevant to our experiment, we find
Here G ik are the elements of the conductance matrix, which describe the combined effect of all contact resistances and the inner part of the graphene box, R k are contact resistances, and S k are the local noise sources of the contacts evaluated under the assumption of fixed potential of the graphene box. The latter have the form
Here F k is the Fano factor of the k-th contact. The integral in the last term of Eq. (11) runs over the inner part of the graphene box excluding the corner areas, to which the metallic leads are attached.
In the hot electron regime and for k B T 0 eV the cross-correlation takes the form
Here T e (r) is the coordinate dependent electronic temperature inside the graphene box given by the expression
S k are again the local junction noise sources, which now take the form
and T k are the electronic temperatures inside the box close to the contacts,
B. Conductance
As described above, the conductances of graphene and contacts are parameters in our numerical noise model. Therefore, we use the measured conductances shown in Fig. 2 (a,b,d) as a starting point for the numerical noise calculations.
The measured conductances are used to construct a 4-by-4 conductance matrix for the whole system (G) which is then divided to central graphene part (G) with uniform conductivity and contact resistances (diagonal matrix R), Fig. 2 (c) . Since the magnitude of graphene resistance in this division is largely arbitrary, the graphene resistance value is based on theoretical sheet conductivity at given gate voltage value. The resistances are listed in Table I . It can be seen that the contacts 1-3 have comparable resistances far from the CNP while contact 4 has higher resistance. The differences between the contacts become more significant when approaching the CNP.
The relatively high contact resistances (R i ) are to a large extent explained by narrow regions in the graphene, which can be thought as graphene nanoconstrictions [35] [36] [37] . Therefore, their effect is briefly studied below. The conductance of such nanoconstriction is given by: GNC , ignoring possible other contributions to contact resistance. We note that the non-zero conductance near the CNP is most probably caused by doping from contacts and impurities.
C. Numerical calculations
We base our numerical calculations on the coherent and hot electron models described above. While the contact contributions are readily obtainable from the first terms of Eqs. (11) and (13), the graphene terms are calculated numerically. We find the four charac- We obtain the noise cross-correlations S 13 in bias configurations A, B and C (denoted by S A,B,C ) and equivalently the autocorrelations S 11 and S 33 , which are denoted by Ξ A,B,C .
To compare the calculated and measured results more easily we introduce a dimensionless scaled exchange factor ∆S scaled = ∆S/(S A +S B ) (and similarly ∆Ξ scaled ). Both quantities are calculated far from CNP (at V g = −10 V) and near it (at V g = +15 V, while V g,CNP ≈ +20 V).
The contact Fano factors turn out to have only little effect on the end result, and hence we set 
III. EXPERIMENTAL METHODS
The sample (see Fig. 1 (a) ) is fabricated from micromechanically cleaved graphene on heavily p-doped substrate with 300 nm gate oxide. The graphene extends under the Cr/Au contact electrodes. The bonding pads are sufficiently small (150 × 150 µm 2 ) so that only 10 % of noise is shunted capacitively to the back-gate electrode.
A schematic of the experimental setup is shown in Fig. 5 . The experiments are con- per second (MS/s) with AlazarTech ATS9642 digitizer connected to PCI-E bus of a desktop computer. The cross-and autocorrelations are calculated from the digitized data using graphics processing unit (GPU) acceleration. Noise power coupling issues were treated along the lines given in Ref. 41 . 
IV. RESULTS
Our cross-correlation results for the HBT exchange term ∆S = S C −S A −S B are displayed in Fig. 6 (a) on the plane spanned by the gate (V g ) and bias (V b ) voltages; the Dirac point is located around V g = +20 V. At small bias, we observe a clear negative HBT effect;
as expected for fermionic diffusion, the ∆S signal grows linearly with the bias voltage V b .
A suppression of noise due to the interference of mutually incoherent electrons has been observed in an experiment with a ballistic electron beam splitter 5 . Our results demonstrate that this effect is also observable in mesoscopic diffusive conductors.
The value for scaled ∆S was calculated by making linear fits to the measured noise cross- 
V. DISCUSSION
There are several ways to construct a model for a graphene box. One of the simplest is the chaotic quantum dot described by a single distribution function 42 . A straightforward generalization of this model is to adopt the semiclassical model and to describe the graphene using a single distribution function governed by contact resistances with an arbitrary Fano factor. This model is in fact quite close to the model employed in Ref. 13 . Such a model, lacking voltage variation over the graphene box, was not able to match all the measured quantities G ij , S 11 , S 33 , S 13 properly. First after inclusion of the characteristic potential distributions, a satisfactory agreement could be achieved.
Closest to the present work is our previous experiment with a graphene cross sample with 50 nm nanoribbon arms 13 . In that graphene cross the HBT effect was characterized by occupation number noise in the nearly ballistic central region and regular diffusive noise in the ribbon arms. The HBT effect far from CNP in the cross sample (∆S scaled ≈ −0.18)
is of comparable magnitude as in the box (≈ −0.26), while the HBT effect near the CNP was strongly enhanced in the cross sample (to ∆S scaled ≈ −1.5) but is suppressed in the graphene box. This is in line with the theoretical findings 11 that geometrical details of the sample strongly affect the observed HBT exchange effect.
The shot noise in our sample is generated in the central graphene region, as well as the narrow constrictions at the contacts contributing significantly to sample resistance (see Eq. 11). The contact resistances affect the characteristic potential distribution in the central region, and thus also their asymmetry has significant effect on the noise. We note that, for such small contacts as we have in our sample, the contact capacitance can be regarded negligible (on the basis of Ref. 43 ), and the reactive impedance part at the noise measurement frequency does not bypass the contact resistance, resulting that the DC conductance values are sufficient for the noise circuit analysis.
The fact that the Dirac point in our sample is not well defined (see Figs. 2 and 7) indicates presence of nonuniform doping, possibly due to contributions from fabrication residues, proximity of the contacts, and localized states at the edges. These locally varying doping effects would lead to nonuniform conductance in the regime of charge puddles near the Dirac point. Nonuniform conductance can easily be implemented in our numerical calculations, but this approach was not found exceedingly beneficial, and was given up due to further increase in the already high number of our fitting parameters. In addition, the characteristic statistics of the charge puddles are unknown, making it impossible to justify any specific configuration of non-uniformity in our model. Fig. 7 , our results are intermediate between coherent and hot electron transport. Theoretically, however, the strength of electron-electron interactions grows as V 2 due to the increase in the available scattering states with bias voltage. Therefore, we would expect the electron propagation in our graphene box transform gradually with bias even closer to hot electron regime with decreasing electron-electron scattering length el−el < L 44 .
According to
Instead of an increase in the shot noise due to hot electron effects, we find a 5% decrease in total F (F = S I /2eI) at V b = 50 mV compared with the value deduced using the low bias It is instructive to consider the analogy between our experiment and interference experiments in optics. We note that in Eq. (7) the function Π is multiplied by gradients ∇φ m and ∇φ n . In analogy with optics, these gradients can be interpreted as distributed detector functions "filtering" the Π-function. They vary smoothly inside the graphene box, which implies that the whole box acts as an "interferometer screen". In this interpretation the noise cross-correlation is given by an area integral weighted with the geometric response functions. For a simple description, we employ an analogy with a double slit experiment where the incoming intensity I on the detector is determined in three different configurations: the experiment is performed by closing first one slit (I A ), then the other slit (I B ), and finally by keeping both slits open (I C ); here the applied electric potential is the analogue of light in the double slit experiment. In our case, the "detection screen" is the whole graphene box where interference due to f (1 − f ) takes place at every point. The recorded interference value is an integral provided by the cross correlation measurements (see Eq. 7) where we take the equivalent of ∆I = I C − I A − I B (the difference between the actual interference pattern and the two backgrounds), namely ∆S = S C − S A − S B . Although, this analogue is illuminating for understanding the setting of our experiment, the underlying effects are two-particle interferences. The correlation effects arise via the competition of the available states in the reservoirs for the outgoing electrons. The non-equilibrium Π-function (see Fig. 1 (b,c) ) carries this information over to the whole sample. However, the actual phase dependence of the two particle scattering events is averaged out in our diffusive conductor 11 .
Due to the lack of phase dependence, we prefer to call our observed results as HBT exchange effects, even though interference by two diffusive wave fronts describes the phenomena in the sense of our analogy.
VI. CONCLUSIONS
We have studied exchange cross correlations in a disordered graphene box. Our experimental results display distinct Hanbury Brown and Twiss (HBT) exchange correlations, which deviate from the standard predictions of scattering matrix theory. Our results indicate that the finite contact resistances significantly affect the noise cross-correlations in a diffusive system. The values of experimentally determined HBT exchange effects fall between calculated values for coherent and hot electron models, indicating either the presence of bias-independent crossover regime or intrinsic behavior of diffusive graphene which is not captured by standard model for diffusive systems. The overall picture is the same for both near and far from the Dirac point, although the low carrier density near the CNP leads to further deviations between the model and experimental data.
